Changes in nucleotide pools and extracellular nucleotides during the developmental cycle of the myxobacterium Myxococcus xanthus were determined using a high-pressure liquid chromatography nucleotide analyzer. A general increase in all nucleotide pools occurred during the morphological phase of glycerol conversion of vegetative cells to myxospores. The levels of the nucleoside triphosphate pools remained high as the myxospore matured and throughout subsequent germination. Oxidized nicotinamide adenine dinucleotide levels were elevated in the dormant myxospore and then declined during germination. The adenylate energy charge value was 0.85 4 0.02 for vegetative cells, germinating myxospores, and 6-h-old myxospores. It was interesting that the value for the so-called dormant myxospore was the same as that characteristic of physiologically active cells. The germinating myxospores excreted large quantities of uracil along with lesser quantities of purine nucleoside monophosphates. Although the source of the extracellular uracil cannot be determined from these experiments, it may have been derived from a shift in base ratios accompanying an assumed ribonucleic acid turnover during germination.
Among the procaryotes, the myxobacteria afford a unique system in which to study development at the cellular and multicellular level. The cellular life cycle of Myxococcus xanthus consists of a vegetative stage followed by the development of each cell into an optically refractile and resistant myxospore. There is, in addition, a multicellular level of development in which the myxospores are encompassed in a structurally oriented fruiting body (8) 
Investigation of the cellular level of morphogenesis was facilitated by the discovery (9, 11 ) that the addition of glycerol to a liquid culture of vegetative cells of M. xanthus resulted in a rapid and synchronous conversion of vegetative cells to myxospores in about 2 h. The glycerol-induced myxospores were fully capable of normal germination when incubated in the appropriate medium.
Selected nucleotide pools have been studied in Salmonella typhimurium, Escherichia coli and Bacillus species with respect to regulatory control (20, 21) , the adenylate energy charge (3, 16, 18, 19) , and to the stringent and relaxed response of ribonucleic acid (RNA) synthesis in E. coli (13) . However, changes in nucleotide pools have not been determined in a non- ' Present address: University of California Clinical Laboratories, Microbiology Laboratory, Los Angeles, Calif. 90024. steady-state developing system like M. xanthus. Such studies are of interest because major shifts in RNA and deoxyribonucleic acid (DNA) synthesis seem to be occurring during development (1, 24, 25, 26, 34) . There is also increasing evidence that extracellular nucleotides or related compounds may play a role in bacterial population interactions (3, 16, 17) . In addition, examination of adenylate energy charge levels of myxospores may provide some clues as to the physiological basis for dormancy.
The purpose then of this investigation was to determine the relative changes of intracellular and extracellular nucleotides and related compounds during the developmental cycle of M. xanthus.
This paper, presented in part at the 73rd Annual Meeting of the American Society for Microbiology, Miami, Fla., 6-12 May 1973 , is based on a thesis submitted by the senior author in partial fulfillment of the requirements NUCLEOTIDE POOLS IN M. XANTHUS and synchronously in liquid medium by the glycerolinduction technique (9) .
Vegetative cells were maintained by daily transfer into fresh Casitone medium (6) . For the purposes of these experiments, a suitable inoculum from the maintenance culture was transferred to a Fernbach flask containing 400 ml of a medium consisting of 1% Casitone (Difco Laboratories, Detroit, Mich.) and 8 mM MgSO4. The cells were grown overnight at 32 C on a rotary shaker. Cell density was determined turbidimetrically with a Klett-Summerson model 800-3 colorimeter using a no. 54 filter. It has been determined in our laboratory that under these conditions, 1 Klett unit corresponds to about 2 x 10" vegetative cells per ml. Petroff-Hausser counts were used to determine the cell density of myxospore suspensions.
Myxospore induction. When vegetative growth had reached a cell density of about 3.9 x 108 cells per ml (Klett 130), myxospore induction was initiated by adding glycerol to a final concentration of 0.5 M (1). Morphologically, about 95 to 99% of the vegetative rods had converted to phase-bright spheres at 120 min after glycerol addition. Vegetative cell samples were taken prior to glycerol addition, and myxospore samples were taken at various times afterwards up to a maximum of 6 h.
Myxospores for germination were prepared exactly as described above. At the end of a 6-h induction period the entire 400-ml culture was chilled and harvested by centrifugation. The centrifuged cells were suspended in 5 ml of 1 M KCL and then diluted with about 400 ml of ice-cold distilled water to lyse any vegetative cells that had failed to convert to myxospores (usually about 1%). The myxospores were washed an additional two times in distilled water, and the packed cells were stored at -50 C until needed. The procedure had no obvious deleterious effect on germination. However, it may have caused some leakage of nucleotide pools. Cell harvesting and washing was done at 4 C in a Sorvall RC-2 refrigerated centrifuge.
Myxospore germination. The frozen, 6-h myxospores were germinated by resuspending them in distilled water at a concentration of 1.5 x 1010 to 3.0 x 1010 cells per ml (23) . This technique is referred to as high-cell density germination. The suspension was first treated with sonic oscillation for 20 s by using an ultrasonic disintegrator (Measuring & Scientific Equipment, Ltd., London, England) to break up clumps of the cell suspension (myxospores are resistant to such treatment [29] ). The cells were then germinated at 32 C on a rotary shaker. Germination, as indicated by phase darkening, occurred at about 80 to 100 min, and elongation was complete by about 120 to 140 min. Samples were taken at various times during germination.
Sampling and preparation of extracts for nucleotide pool analysis. The cells were harvested on 47-mm diameter membrane filters (Millipore Corp., Bedford, Mass.) with a 1.2 to 3.0 jAm pore size by vacuum filtration. Immediately after being sucked dry, the filter was thrust into a tube containing 0.5 ml of 10% trichloroacetic acid in 30% methanol at 4 C.
The filter was then torn apart and thoroughly mixed with the trichloroacetic acid-methanol. Extraction was carried out for 45 min at 4 C, and as much liquid and precipitated material as possible was removed from the filter. The precipitate was separated by centrifugation at 4 C, and the supernatant solution was extracted five times with water-saturated diethylether to remove the trichloroacetic acid (2) . The samples were frozen at -50 C until analyzed. Sample sizes and membrane filter pore sizes were chosen so that the entire sample could be harvested and put into trichloroacetic acid within 1 to 2 min or less.
As the cells were being harvested, the culture filtrates were collected in a centrifuge tube packed in dry ice inside the vacuum flask. Under these conditions the filtrate was frozen almost immediately as it came through the filter. The filtrates were extracted and processed exactly as described for the cell extracts.
Pool extraction from labeled celis. Vegetative cells were grown to a Klett reading of 90 (1.8 x 10" cells per ml) in 400 ml of 1% Casitone medium at which time 1.5 ml of [8H]uridine (0.5 mCi per ml; specific activity, 28 Ci/mmol) was added (Schwarz/ Mann, Orangeburg, N.J.). About 2 h later (Klett 130) the culture was induced with glycerol, and myxospore samples were harvested at 4 h postinduction. Fortymilliliter samples of the 4-h myxospores were harvested by centrifugation at 4 C. A 1-ml portion of the extracted material was added to 15 ml of Bray scintillation fluid (14) and counted in a Packard Tri-Carb model 3375 liquid scintillation counter.
Fluorimetric enzyme methods. In some experiments enzymatic methods were used to estimate the intracellular levels of oxidized nicotinamide adenine dinucleotide (NAD+) and adenosine 5'-triphosphate (ATP) according to the procedure of Williamson and Corkey (33) . The same extraction procedure as described above for sampling and preparation of extracts was followed. The fluorescence produced from the enzyme reactions was recorded on a Turner fluorimeter (G. K. Turner Associates, Palo Alto, Calif.) using a 1% neutral density primary filter of 365 nm and a secondary filter of 415 nm. Intracellular NAD+ levels were estimated by using yeast alcohol dehydrogenase (alcohol-NAD oxidoreductase, EC 1.1.1.1.).
Cells whose ATP levels were analyzed enzymatically were grown, induced, and germinated in the i4sual way. One set of cell extracts was prepared by membrane filtration as described above. Another set of cell extracts was prepared by incubating 1 ml of cell suspension in scintillation vials and adding 0.2 ml of 50% trichloroacetic acid directly to the culture at the desired time, thereby avoiding the manipulation of harvesting by membrane filtration. The remainder of the extraction procedure was carried out as described above. Samples from both sets of cell extracts were analyzed enzymatically for ATP by measuring the fluorescence produced from a coupled reaction of hexokinase (ATP-D-hexose-6-phosphotransferase, EC 2.7.1.1.) and glucose-6-phosphate dehydrogenase (D-glucose-6-phosphate-nicotinamide adenine dinucleotide phosphate oxidoreductase, EC 1.1.1.49) (33 Nueleotide analysis. Nucleotide analyses were run on a Varian Aerograph LCS 1,000 high-pressure liquid chromatography nucleotide analyzer (Varian Aerograph, Palo Alto, Calif.). A column (1 mm by 300 cm) containing a pellicular anion exchange resin was used. The column was eluted under an inlet pressure of 500 psi at 70 C. The mixing chamber was filled to 56 ml with an eluent of 0.01 M KH,PO4 (pH 4.5), and a 20-$gliter sample of cell extract or culture filtrate was injected with a Hamilton syringe (Hamilton Co., Whittier, Calif.). A 30-min pregradient was run at a flow rate of 12 ml per h. After the pregradient, a linear gradient was started into the mixing chamber using 0.5 M KH2PO4 plus 1.1 M KCl (pH 4.5) at a flow rate of 6 ml per h, and the flow rate of the gradient through the column remained at 12 ml per h. The run took approximately 3 h, and the absorbances of the eluted nucleotides were recorded on a Hitachi Perkin-Elmer model 165 recorder (Norwalk, Conn.).
Nucleoside and base analysis. Nucleosides and bases were analyzed by ion exclusion chromatography (28) . The nucleoside and base pools were extracted and prepared exactly as described above for nucleotide pools. A highly uniform cation exchanger, aminex A-6 (Bio-Rad Laboratories, Richmond, Calif.), was prepared and used according to the method of Singhal (28) . The resin was packed under pressure in a column (28 cm by 6.3 mm; Chromatronix Inc., Berkeley, Calif.) and equilibrated with degassed 0.02 M ammonium carbonate (pH 10.0) eluant. A flow rate of 0.20 ml per min was maintained with a Buchler Polystaltic pump (Buchler Instruments, Fort Lee, N.J.). The column was assembled in a temperature-controlled water jacket and operated at 50 C. The ultraviolet light-absorbing material eluted from the column was monitored and recorded in an Isco flow cell connected to an Isco model UA-2 ultraviolet analyzer (Instrumentation Specialties Co. Inc., Lincoln, Neb.) adjusted to give a full scale deflection of 0.1 optical density unit. A Hamilton syringe was used to inject 50-pliter samples on the column through a chromatronix, off column, septum-injector device.
Treatment of data. Liquid chromatography quantitation was achieved by preparing standard solutions of the various nucleotides and nucleic acid bases. Spectrophotometric absorbance at the maximum wave length of the compound and its millimolar extinction coefficient were used to calculate the concentration. These nucleotides were then run individually on the nucleotide analyzer to determine the percentage of absorbance, if any, due to contaminating nucleotides. By using these data the percentages of the integrated areas due to contaminating nucleotides were subtracted from the total areas integrated. The concentration determined spectrophotometrically for the nucleotide in question was then taken to be the total concentration determined minus the percentage due to contamination as determined chromatographically.
Areas included under the peaks were integrated using a Technicon integrator/calculator model AAG (Technicon Instrument Corp., Tarrytown, N.Y.), and their concentrations were estimated by comparison to the corrected concentrations of the standards.
Location and identity of fractions were determined by retention times of standards as well as by addition of authentic standards to the cell extract and determination that components of the extract co-chromatographed with the standards.
The standard deviation was determined for the points on the nucleotide analysis curves and plotted as error bars on the figures.
RESULTS
Among several methods of obtaining metabolite pools from bacteria, the most practical involves concentrating the bacteria by collecting them on membrane filters and immediately extracting the pools by immersing the filter into trichloroacetic acid or HCIO (4, 16) . Several investigators have found that if the cells were harvested and washed by centrifugation at 4 C before acid extraction, erratic results were obtained (3-5, 15, 16) . In this study, the method used yielded measurable pools from samples that could be harvested and put into trichloroacetic acid within 0.5 to 1.5 min.
A comparison of the trichloroadetic acid-soluble material released when trichloroacetic acid extraction was supplemented with alumina grinding of the resistant myxospore was made to determine if the trichloroacetic acid treatment alone was efficiently releasing the nucleotide pools from myxospores that had been incubated for 6 h with [3 H]uridine. The radioactivities recovered by either procedure were essentially the same, suggesting that additional disruptive treatment did not enhance the release of trichloroacetic acid-soluble material.
Because there is a good deal of discussion in the literature about the potential loss or degradation of pools during the minute or so required to harvest cells by filtration and begin trichloroacetic acid extraction (3-5, 16, 17) , it was desirable to make such a determination on the myxobacterial system. ATP was determined enzymatically from germinating myxospores harvested by filtration through membrane filters, and compared to the ATP levels when 1-ml samples of these cells were treated directly with trichloroacetic acid, thereby avoiding the manipulations involved in the filtration procedure. The results of these experiments are presented in Table 1 . The 13 to 15% variation in ATP levels observed is probably not significant in light of the additional potential sources of variability inherent in the methods used for cell preparation, pool extraction, and ATP determination.
The values given in the literature for E. coli Fig. 1A and B. Because these calculations are based on determination of three nucleotides, it is not clear that the fluctuations between 0.80 and 0.87 are significant. It is clear, however, that there was a relatively constant level of adenylate energy charge during the entire cycle of vegetative cell to myxospore to germinated cell. The NAD+ levels showed a general tendency to increase, as would be expected from a cell no longer generating reducing power as it goes into dormancy. During germination the NAD+ levels slowly decreased, suggesting a build-up of reducing power.
The guanosine nucleotide pools also changed during myxospore development. Figure 1C shows that during induction guanosine 5'-phosphate (GMP) underwent a sharp increase, reaching its maximum between 2 and 4 h of induction, followed by a gradual decrease to the vegetative level at 6 h. Guanosine 5'-triphosphate (GTP) increased slightly but remained at the higher level throughout the 6-h induction period. The values for guanosine 5'-diphosphate (GDP) could not be determined because, under the conditions used, GDP co-chromatographed with cytidine 5'-triphosphate (CTP). However, the levels of both compounds together were low. The changes in the guanosine nucleotides during germination are illustrated in Fig. 1D . GMP was present at low levels and remained relatively constant during germination. Likewise, GTP remained relatively constant throughout germination.
The pool sizes of cytidine 5'-diphosphate (CDP) are presented in Fig. 1E and F only to suggest the trend of the changes, but in fact the levels recorded were low and difficult to quantitate. During induction CDP appeared to increase at 2 h and then decreased to below the vegetative level. The CDP pool during germination was consistently low. As mentioned above CTP could not be determined because it cochromatographed with GDP. The CMP pools, however, after correction for NAD+, showed an increase of almost 100% during induction and remained relatively constant to the end of the The changes in the uridine nucleotide pools are presented in Fig. 1G and H. During induction the uridine 5'-triphosphate (UTP) pool had gradually increased by 100% at the 6-h period. The uridine 5'-phosphate (UMP) and uridine 5'-diphosphate (UDP) pools during induction were low and variable. During germination the UTP pool showed a rapid increase followed by a rapid decline to a constant level. The UDP pool appeared to remain constant throughout the Fig. IA during harvesting, washing, freezing, and thawing of the 6-h myxospores. Limited data on the uptake of acetate by myxospores and vegetative cells (31) , extractability of small molecules from myxospores by trichloroacetic acid, uptake of uridine by myxospores (14) , and uptake of amino acids by myxospores (M. Dworkin, unpublished data) suggests that the myxospores are permeable to small molecules. Thus, leakage seems a very real possibility. In addition, during harvesting and washing, the pools could have been degraded or metabolized even though the operation was carried out at 4 C. In any case, if a pool leakage was occurring during the harvesting and washing procedure, one may still suggest that the increases in pool sizes, seen at 20 to 40 min after germination had started, represents an adjustment by the cells to their normal pool levels.
The last column in Table 2 shows the ratio of picomolar levels of nucleotide pools in 6-h myxospores to those levels in cells at 20 to 30 min after germination was started. Most pools at 20 to 30 min of germination were at a level of about 25 to 38% of the pool sizes found in 6-h myxospores. The exceptions are found in the cases of AMP, GMP, and UMP. Significant extracellular levels of AMP and GMP were found, which may explain their proportionately lower intracellular levels at 20 to 40 min of germination. Uracil, which may have been partially derived from intracellular UMP, was also found extracellularly. A quantitative relation of decreased intracellular pools to the extracellular nucleotides, however, was not apparent from these data. The values for CDP and UDP are probably unreliable because, as explained above, these levels were low and difficult to quantitate.
DISCUSSION
An important aspect of studies on metabolite pools is that the pool levels be shown to be unaffected by the manipulations involved. In the present study, the levels of ATP obtained by transferring unwashed filters directly to trichloroacetic acid within 30 s of harvesting were similar to those obtained when the cells were harvested over a period of L, 2, or even 3 min (unpublished data). These observations suggested that the pools of unwashed cells remained relatively constant for several min. (Lowry et al. [16] obtained similar results with E. coli.) Unlike cells harvested by centrifugation, the cells during membrane filtration were continually bathed in medium and under aerobic conditions and would seem unlikely to metabolize their pools differentially, especially if the operation was carried out rapidly. The energy charge calculations determined for M. xanthus in this present study support this notion.
There was a clear tendency for the levels of the nucleotide pools in general to increase during glycerol induction of myxospores. The increases occurred during the period of actual shape change. It has already been shown (1) that during this period there is RNA turnover but no net synthesis. In addition, net protein increased by about 30% (26) , and DNA synthesis, initiated prior to glycerol addition, was completed, but no new initiations were started (25) . The increase in nucleotides may reflect either an increased de novo nucleotide synthesis or RNA degradation and phosphorylation of the nucleoside monophosphate to the nucleoside triphosphate, or both.
These results were in marked contrast to what has been found in Bacillus spores where nucleoside triphosphate pools were not detectable (18, 19) . It is most interesting, and a point of substantial difference between myxospores and endospores, that in the latter, dormancy is accompanied by a sharp decrease in the adenylate energy charge (27) edly. The decreased pool sizes in the cytidine and uridine nucleotides from the levels at 20 to 30 min of germination could not, however, account for the extensive excretion of uracil into the medium. For example the total decrease in these pools per 109 cells at 60 min of germination accounted for a loss of about 1,115 pmol of pyrimidine nucleotide, whereas the extracellular uracil at 60 min amounted to 7,100 pmol from the same number of cells. The function of the extracellular uracil during germination is difficult to assess. Although the peak value of uracil was found to occur when phase darkening became apparent, the uracil has not been shown to have any effect on low-cell density germination (M. Dworkin, unpublished data). Possible roles for the extracellular uracil may be that of a chemotactic agent, a means of intercellular communication, or the products of metabolism of endogenous cellular material. Which, if any, of these alternatives are occurring will require further study.
Conceivably a shift in the base ratios of myxospore-specific ribosomal RNA (rRNA) as compared with vegetative cell-specific rRNA could account for the extracellular uracil. Okano et al. (22) showed that while myxospore formation was occurring, the cells were degrad--ing existing rRNA and at the same time synthesizing new rRNA. Using hybridization competition techniques, they were unable to detect any differences between vegetative cell and myxospore rRNA. They suggested that a new class of ribosomes differing in their ribosomal proteins was needed by the myxospore. Unfortunately the 2-h myxospore was the oldest cell in which these determinations were made and therefore did not take into account the RNA synthesis subsequently shown to occur at 4.5 h after glycerol addition (24) . It would seem that during germination, rRNA would again turn over to produce the vegetative-type rRNA. It is possible that base ratio changes in rRNA occurred at this time and that these changes resulted in decreased proportions of uracil and cytosine in vegetative cell-specific rRNA, the excess being excreted as uracil into the medium.
From previously published base ratios of total and rRNA in M. xanthus (1) and total RNA content of vegetative cells (26), we have calculated that about a 0.6% increase in the base ratio of pyrimidine nucleotides in myxosporespecific rRNA and its assumed subsequent tumover during germination could account for the extracqllular uracil. In this connection, the recent report (12) that the burst of RNA synthesis seen 4 to 5 h postinduction includes rRNA is most interesting.
Only purine nucleotides were found to occur as extracellular nucleotides during germination, and these at much lower levels than the extracellular uracil. In the same respect, E. coli has been found to excrete AMP during stationary phase (3) and to excrete nucleoside monophosphates when grown under conditions of low phosphate (17) . It seems reasonable to suggest that high-cell density germination of myxobacteria in distilled water reflects austere conditions and an economy based on the utilization of endogenous carbon and energy sources. The excretion of AMP may reflect a mechanism by which excess intracellular AMP was removed, in order to maintain the energy charge under nongrowth conditions. This may be necessary as a result of ATP utilization for maintenance and/or synthesis of macromolecules specific for vegetative growth during the early minutes of germination.
Thompson and Atkinson (30) have pointed out that the direct utilization of ATP by the cell is mainly for essential survival reactions, whereas ATP is utilized indirectly for reactions involved in cellular growth. Such indirect utilization of ATP involves the phosphorylation of monophosphate and diphosphate nucleotides yielding GTP for protein synthesis, UTP for cell wall synthesis, and CTP for membrane synthesis. They suggest that under strict survival (nongrowth) conditions, the latter reactions would be curtailed in favor of the essential survival reactions involving the direct participation of ATP (30) . From these considerations then, one could put together a picture for the priorities of dormancy and germination in M. xanthus. The most important is that the cell maintain a high adenylate energy charge in order to have ATP available for essential survival maintenance and for subsequent early sequences necessary for germination. The most important of these latter sequences probably involve synthesis of enzymes necessary for energy-yielding metabolism utilizing ATP and GTP, followed by ATP and UTP utilization for UDP-glucose production involved in peptidoglycan rearrangement (32) . Because the early stages of germination involve only outgrowth and no cell division, a supply of UTP just sufficient for outgrowth would be adequate. Our results showed a steady accumulation of UTP during myxospore formation and a sharp decrease in UTP early in germination. The GTP pool remained relatively constant during germination in spite of a demonstrated requirement for protein synthesis (23) . The GTP pool was probably replenished from ATP derived from an endogenous energy source since the ATP pool remained relatively constant also. The extracellular GMP found in the germination filtrates may reflect the means by which the cell maintains a high GTP/(GDP + GMP) ratio compatible with protein synthesis. As the cell elongates and becomes motile (again at the expense of ATP), it is presumably attracted to a food supply and all nucleotide pools would readjust to the vegetative levels. We have no suggestions that might explain the rapid accumulation, then disappearance of TMP in the medium during germination.
The nucleotide pool changes in M. xanthus as determined in the present study were consistent with what was known from other investigations, in that the nucleotide pool changes can be rationalized in terms of previously determined patterns of RNA and protein synthesis during the developmental cycle. A most surprising discovery, however, was the high levels of nucleoside triphosphate pools in what has been considered to be a dormant myxospore. The adenylate energy charge in the so-called dormant myxospore was also surprisingly high (i.e., 0.84). This is a value generally associated with a physiologically active cell and was entirely unexpected in the myxospore. A fruitful approach to understanding the reason for the high levels of nucleoside triphosphates in the "dormant" myxospore may lie in an examination of a controlled slow autolysis of endogenous cellular material over extended periods of dormancy. Furthermore, because myxospores can be germinated simply by placing them in distilled water, at a sufficiently high cell density (23) , it appears that the basis for their dormancy is neither the absence of an internal nor an external supply of energy. Their dormancy may indeed result from a state of desiccation created by the fruiting body in which they are embedded. In this context it is interesting that examination of respiratory (10), glycolytic, and Krebs cycle enzymes (31) revealed no clear difference between myxospores and vegetative cells.
